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The DExH/D box protein HEL/UAP56 is essential for mRNA
nuclear export in Drosophila
David Gatfield*, Herve´ Le Hir†, Christel Schmitt*, Isabelle C. Braun*,
Thomas Ko¨cher*, Matthias Wilm* and Elisa Izaurralde*
Dbp5 is the only member of the DExH/D box family ring mRNPs from Chironomus tentans by electron micros-
copy have shown that several proteins associated with theof RNA helicases that is directly implicated in the
export of messenger RNAs from the nucleus of yeast mRNP are selectively removed at different stages during
their formation and passage through the nucleoplasm andand vertebrate cells [1–3]. Dbp5 localizes in the
cytoplasm and at the cytoplasmic face of the nuclear the nuclear pore complex (NPC) into the cytoplasm. Fur-
thermore, the mRNP fiber undergoes several conforma-pore complex (NPC) [1–5]. In an attempt to identify
proteins present in a highly enriched NPC fraction, tional changes during translocation across the central
channel of the pore (reviewed in [6]). The mechanismstwo other helicases were detected: RNA helicase
A (RHA) and UAP56. This suggested a role for these underlying these rearrangements are unknown, but RNA
helicases of theDEAD/DExHbox family are prime candi-proteins in nuclear transport. Contrary to
expectation, we show that the Drosophila homolog dates for playing a role in these processes. Although not
all members of this protein family have been proven toof Dbp5 is not essential for mRNA export in
cultured Schneider cells. In contrast, depletion of be bona fide helicases, in most cases they exhibit NTPase
activity stimulated by or dependent on RNA binding.HEL, the Drosophila homolog of UAP56, inhibits
growth and results in a robust accumulation of Therefore, DEAD/DExH box proteins are considered to
be RNA-dependent NTPases that use the energy derivedpolyadenylated RNAs within the nucleus.
Consequently, incorporation of [35S]methionine into from nucleoside triphosphate hydrolysis to unwind dou-
ble-stranded RNA or disrupt RNA/protein interactionsnewly synthesized proteins is inhibited. This
inhibition affects the expression of both heat-shock (reviewed in [7]).
and non-heat-shock mRNAs, as well as intron-
Dbp5 is the only member of the DEAD box proteincontaining and intronless mRNAs. In HeLa nuclear
family directly implicated in the export of mRNAs fromextracts, UAP56 preferentially, but not exclusively,
the nucleus in yeast and vertebrate cells [1–3]. Dbp5 isassociates with spliced mRNAs carrying the exon
mainly cytoplasmic, but a fraction of the protein is re-junction complex (EJC). We conclude that HEL is
cruited to the cytoplasmic fibrils of the NPC via a directessential for the export of bulk mRNA in Drosophila.
interaction with the nucleoporin CAN/Nup159p [3–5].The association of human UAP56 with spliced
Given its cytoplasmic localization, Dbp5 is thought tomRNAs suggests that this protein might provide a
play an essential role late in the mRNA export pathwayfunctional link between splicing and export.
by remodeling mRNP particles once they reach the cyto-
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ence of seven evolutionarily conserved motifs that define
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E-mail: izaurralde@embl-heidelberg.de these conserved motifs, a distinguishing feature of all
Dbp5 homologs is the presence of a 6 amino acid insertion
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can be considered a Dbp5 homolog [8]. Moreover, DBP80
is comparable in length to all Dbp5 homologs (400–500Published: 30 October 2001
amino acids), and its degree of identity to human Dbp5
Current Biology 2001, 11:1716–1721 is 58%. Intriguingly, DBP80 interacts with the conserved
RNA helicase A (RHA) in the yeast two-hybrid system
0960-9822/01/$ – see front matter [8]. The significance of this interaction is unclear because 2001 Elsevier Science Ltd. All rights reserved.
Dm RHA, also known as MLE (Maleless), is implicated
in dosage compensation [9, 10].
Background
During mRNA nuclear export, dynamic rearrangements In experiments aimed at identifying novel components
of the NPC (to be reported elsewhere), two helicasesof RNA secondary structure and of RNA/protein interac-
tions are likely to occur. Studies on the export of Balbiani were identified among several nucleoporins and transport
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Figure 1receptors: RHA and UAP56. UAP56 is a conserved heli-
case implicated in multiple steps of spliceosome assembly
[11–14]. The Drosophila homolog of UAP56, the protein
HEL, is encoded by an essential gene that was first identi-
fied as an enhancer of position effect variegation [15].
Because of its association with chromosomes and its nu-
clear localization, HEL was proposed to facilitate tran-
scription by unwinding or releasing the mRNA from the
site of transcription [15]. The development of the double-
stranded RNA interference (dsRNAi) technique, which
has been applied successfully to deplete endogenous pro-
teins from culturedDrosophila Schneider cells (line 2; SL2
cells) [16], provided the opportunity to investigate the
possible roles of these proteins in nuclear transport in
vivo.
Results and discussion
Depletion of HEL by dsRNAi inhibits cell growth
Preliminary Northern blot analyses indicated that the ex-
pression level of DBP80 is relatively low in SL2 cells
when compared to other mRNA export factors such as
Dmp15 andDmNXF1. In contrast, helmRNAwas readily
detected by Northern blot in this cell line (data not
shown). The endogenous pools of DBP80, MLE, and
HEL were depleted from SL2 cells by the transfection
of dsRNAs corresponding to N-terminal fragments of the
proteins. As a negative control, a dsRNA corresponding
to an N-terminal fragment of green fluorescent protein
(GFP) was transfected.
Depletion of DBP80 or MLE had no effect on cell growth
compared to growth of either untreated cells or cells trans-
fected with GFP dsRNA (Figure 1a and data not shown). (a,b) Depletion of HEL inhibits cell growth. SL2 cells were transfected
with dsRNA specific for DBP80, HEL, NXF1, or GFP. Cell numbersReaddition of DBP80 dsRNA or of a dsRNA correspond-
were determined up to 10 days posttransfection. Data are given asing to the C-terminal half of the protein had no additional
the n-fold increase in cell numbers relative to the amount of cells
effect (data not shown). In contrast, depletion of HEL used for transfection on day 0 (where “n” represents numbers on the
strongly inhibits growth as early as three days after trans- y axis). (c) SL2 cells were transfected with HEL dsRNA and analyzed
by Western blotting with antibodies raised against the recombinantfection (Figure 1b), indicating that this protein is essential.
protein [15]. The steady-state expression level of HEL was reducedThe effect of HEL depletion on cell growth is equivalent
2 days after transfection, whereas the expression level of tubulin was
to the effect observed when the general mRNA export not affected.
receptor NXF1 is depleted (Figure 1b and [17]).
The efficiency of the DBP80 depletion was determined
by RT-PCR. The dbp80 mRNA was no longer detected
in SL2 cells 3 days after transfection of the corresponding
dsRNA (data not shown). To determine the efficiency
and specificity of HEL depletion, we performed a West- While the lack of phenotype in cells depleted of DBP80
was unexpected, the observation that MLE is not essen-ern blot analysis with antibodies raised against the recom-
binant protein. Only two days after transfection, the tial in SL2 cells is not surprising because inD. melanogaster
this protein is required for X chromosomedosage compen-steady-state expression level of HEL was reduced to
about 20% of the level detected in untreated cells (Figure sation and is only essential for male viability [9, 10]. This
function of MLE is not conserved even in other closely1c, day 2 versus day 0). No recovery of the protein expres-
sion levels was observed 6 days after transfection (Figure related species [18]. Although the function of DBP80 is
unknown, our results suggest that despite conservation,1c). The depletion must be specific because the level of
tubulin or other unrelated proteins was not affected (Fig- the functions of Dm DBP80 and MLE are either more
specialized or different than those in other species.ure 1c and data not shown).
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Figure 2 tected in the nucleoplasm of more than 90% of the cell
population, whereas the cytoplasmic staining is very faint.
The effect of HEL depletion on mRNA export is likely
to be direct because the decrease in the protein levels,
the nuclear accumulation of poly(A) RNAs, and the cell
growth arrest show comparable kinetics. This phenotype
is similar to that observed whenNXF1 is depleted (Figure
2b and [17]).
Depletion of HEL results in a general block
of protein synthesis
The experiments described above indicate that although
DBP80 and MLE are not general mRNA export factors,
HEL depletion affects the export of the vast majority of
transcripts. This was tested by metabolic labeling. Cells
depleted of HELwere pulse labeled with [35S]methionine
5 days after transfection of the corresponding dsRNA.
Total lysates from equivalent numbers of cells were ana-
lyzed by SDS-PAGE and fluorography. The incorporation
of [35S]methionine into newly synthesized proteins was
dramatically reduced in HEL-depleted cells in compari-
son to control cells (Figure 3a, lane 4 versus lanes 1 and
2). This inhibition of protein synthesis affects most pro-
teins to a similar extent and is similar to the effect obtained
when NXF1 is depleted (Figure 3a, lane 4 versus 3; [17]).
Inhibition of heat-shock response
in cells depleted of HEL
Depletion of HEL causes nuclear accumulation of poly(A) RNA. SL2 Next, we investigatedwhether heat-shock protein synthe-
cells were transfected with dsRNA corresponding to (a) GFP, (b)
sis was also affected by HEL depletion. Incubation ofNXF1, and (c–f) HEL, as indicated. Four days after transfection,
cultured Drosophila cells at 33C–37C induces the mas-poly(A) RNA was detected by FISH with a Cy3-labeled oligo(dT)
probe (red). The nuclear envelope was stained with Alexa488-WGA sive transcription of heat-shock genes [19]. Hence, one
conjugates (green). Four representative phenotypes that were can assess the transcriptional activity of cells depleted of
observed in cells depleted of HEL are shown in panels (c)–(f).
HEL by measuring the induction levels of heat-shock
mRNAs.Moreover, hsp83 is the only inducible heat-shock
gene containing an intron [19], so apart from HSP83, ex-
pression of heat-shock proteins is independent of splicing.Polyadenylated RNAs accumulate in the nucleus
of cells depleted of HEL
The production of heat-shock proteins in cells that wereThe intracellular distribution of bulk polyadenylated
depleted of HEL and shifted to 33C was followed byRNAs [poly(A) RNA] in control cells and in cells de-
metabolic labeling 5 days after transfection of the corre-pleted of DBP80, MLE, or HEL was investigated by
sponding dsRNA. In untreated cells and control cells,fluorescent in situ hybridization (FISH) with a Cy3-labeled
the expression of heat-shock proteins is induced at thisoligo(dT) probe. The nuclear envelope was stained with
temperature, and production of non-heat-shock proteinsfluorescent wheat germ agglutinin conjugates, which bind
is inhibited (Figure 3b, lanes 5 and 6). In contrast, into a subset of glycosylated nucleoporins.
cells depleted of HEL or NXF1, expression of heat-shock
proteins is inhibited (Figure 3b, lanes 7 and 8). NorthernAt steady state, a large fraction of poly(A) RNA is cyto-
blot analyses showed that both in depleted and controlplasmic in untreated SL2 cells or cells transfected with
cells hsp70mRNAwas strongly induced after the cells wereDBP80, MLE, or control GFP dsRNA (Figure 2a and
shifted for 1 hr to either 33C or to 37C (Figure 3c).data not shown). A small fraction of poly(A) RNA is also
found in the nuclear compartment, but it is excluded
from the large nucleolus characteristic of this cell line. The levels of hsp83 mRNA before and after heat-shock
at 33C or 37C were also analyzed. When cells wereIn contrast, HEL depletion results in a strong nuclear
accumulation of poly(A) RNAs (Figure 2c–f). This accu- shifted to 33C, hsp83 mRNA synthesis was induced to
comparable levels in control cells and cells depleted ofmulation is detected as early as two days after the transfec-
tion of HEL dsRNA (data not shown). Between 4 and 5 HEL or NXF1 (Figure 3c, lanes 2, 5, and 8). Because
splicing is inhibited at 37C [20], the unspliced hsp83 pre-days after transfection, a strong oligo(dT) signal is de-
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Figure 3 these cells. We conclude that the inability to express heat-
shock proteins in cells depleted of HEL is not caused by
a failure to transcribe or splice the heat-shock mRNAs
but that it is most likely caused by the inability of heat-
shock mRNAs to leave the nucleus.
UAP56 localizes to nuclear speckles and associates
with spliced mRNAs
HEL associates with salivary gland chromosomes and lo-
calizes to nuclei of Drosophila embryos and ovaries [15].
The subcellular localization of human UAP56 fused to
GFP was investigated in transiently transfected HeLa
cells. GFP-tagged UAP56 was widespread in the nucleo-
plasm, with sites of highest concentration in speckled
domains (Figure 4a). These speckles colocalize precisely
with the structures labeled by the antibodies directed to
the splicing factor SC35 [21] (Figure 4b,c).
The localization of UAP56 to nuclear speckles and the
fact that UAP56 and its yeast homolog, Sub2p, are impli-
cated in splicing [11–14] indicates that these proteins
interact with components of the spliceosome. Recently, it
has been shown that the spliceosome imprints the mRNA
product by depositing several proteins 20–24 nucleotides
upstream of mRNA exon-exon junctions [22–24]. This so-
called “exon junction complex” (EJC) assembles onto the
mRNA in a splicing-dependent but sequence-independent
manner and plays a role in post-splicing events such as
mRNA nuclear export and nonsense-mediated mRNA de-
cay (NMD) [22–26]. We therefore tested whether UAP56
is loaded onto mRNAs during splicing.
To do so, body-labeled -globin pre-mRNAs containingDepletion of HEL inhibits [35S]methionine incorporation. (a) SL2 cells
were transfected with GFP, NXF1, and HEL dsRNAs. Five days either a 38 nt or a 17 nt exon 1 (named /38 and /17,
after transfection, untreated (lane 1) or transfected (lanes 2–4) cells respectively) weremixed and spliced inHeLa cell nuclear
were pulse labeled with [35S]methionine for 1 hr. Total cell extracts were
extract supplemented or not with recombinant GST-analyzed by SDS-PAGE followed by fluorography. (b) Five days after
UAP56. Because the EJC is deposited on spliced mRNAstransfection with the indicated dsRNAs, SL2 cells were shifted to
33C and subjected to metabolic pulse labeling as in Figure 3a. Total more than 20 nt upstream of the 3 end of the 5 exon,
cell extracts were analyzed by SDS-PAGE followed by fluorography. the spliced /17 mRNA does not carry the EJC [23]. After
(c) SL2 cells were transfected with the indicated dsRNAs. Five days the completion of splicing, these reactions were incubatedafter transfection, cells were either kept at 25C (lanes 1, 4, and 7)
with anti-GST antibodies, and the coimmunoprecipitatedor subjected to a 1 hr heat shock at the indicated temperatures (other
lanes). Total RNA was isolated and analyzed by denaturing- (co-IP) RNA fragments were monitored by denaturing
formaldehyde-agarose gel electrophoresis (2 g of total RNA/lane) PAGE (Figure 4d). Antibodies against GST precipitated
followed by Northern blot. [32P]hsp70 or [32P]hsp83 DNA probes the spliced /38 mRNP more efficiently than the splicedwere generated by random priming with standard methods. The lower
-17 mRNP after splicing in extracts supplemented withpanel shows the ethidium bromide-stained ribosomal RNA. The
asterisk indicates the position of the unspliced hsp83 precursor mRNA GST-UAP56 (Figure 4d, lane 6). These results suggest
that accumulates at 37C, while the fully spliced mRNA is indicated that in vitro recombinant UAP56 preferentially associates
by an arrowhead. with spliced mRNPs carrying the EJC.
In summary, while the knock-downs of DBP80 and MLE
have no apparent phenotype in SL2 cells, depletion ofmRNA was also detected after the cells had been shifted
to 37C for 1 hr (Figure 3c, lanes 3, 6, and 9, asterisk). HEL inhibits growth and results in a robust nuclear accu-
mulation of bulk poly(A) mRNA. Although the humanThis accumulation of unspliced hsp83 pre-mRNA occurs
in all cells at 37C, but it was not observed in HEL- and yeast homologs of HEL were previously implicated
in pre-mRNA splicing [11–14], we find that the mRNAdepleted cells at temperatures below 37C despite the
fact that mRNA export is inhibited for at least 2 days in export block observed after its depletion is not a conse-
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Figure 4 results, together with available data, indicate that both
in yeast and metazoans export of intron-containing and
intronless mRNAs is mediated by a common set of pro-
teins including HEL/UAP56/Sub2p, the heterodimeric
export receptor TAP/p15 (also known as NXF1/p15 or
Mex67p/Mtr2p in yeast), and the hnRNP-like proteins
REFs/Yra1 (reviewed in [28]).
Materials and methods
Cloning of human and Drosophila cDNAs
Dm cDNAs were amplified by PCR with Dm quick-clone cDNA (Clon-
tech). Human UAP56 cDNA was amplified by PCR with human testis
Marathon-Ready cDNA (Clontech). All PCR reactions were performed
with the Expand high-fidelity PCR system (Roche). The amplified cDNAs
were cloned and sequenced. The cloned Dm cDNA sequences were
identical to the predictions in the Flybase (http://flybase.bio.indiana.edu).
Plasmids allowing the expression of GST or GFP fusions of human
UAP56 were generated by insertion of the corresponding cDNA at the
NcoI-BamHI sites of vector pGEXCS or at the AccI-BamHI sites of
vector pEGFP-C1 (Clontech). Additional plasmids used in this study
have been described elsewhere [17, 22, 23]. Recombinant proteins
were expressed in E. coli BL21 (DE3) LysS and purified as described
before [29].
Cell culture and RNA interference
dsRNAi was performed essentially as described by Clemens et al. [16].(a–c) Subcellular localization of GFP-UAP56 in HeLa cells. (a) UAP56
HEL dsRNA corresponded to a fragment comprising nucleotides 1–552,is localized within the nucleoplasm and is concentrated in speckles.
NXF1 dsRNA corresponded to a fragment comprising nucleotides 411–(b) The speckles were labeled with antibodies directed to the splicing
1062, MLE dsRNA corresponded to a fragment encompassing nucleo-factor SC35. (d) UAP56 binds preferentially to spliced mRNAs.
tides 3343–3855 of the EST clone SD02678, and GFP (enhanced GFPLabeled /38 and /17 pre-mRNAs were incubated for 2 hr under
from vector pEGFP-C1) dsRNA corresponded to the first 650 bp of thesplicing conditions in HeLa cell nuclear extracts (10 l reaction)
coding region. Two DBP80 dsRNAs were generated, one encompassingsupplemented or not with 5 ng/l of recombinant proteins, as
nucleotides 48–599 and the second encompassing nucleotides 702–indicated. Subsequently, splicing reactions were subjected to
1339. Fifteen micrograms of dsRNA was used per six-well dish con-coimmunoprecipitation with anti-GST serum bound directly to protein
taining approximately 106 cells. In vivo protein labeling and FISH wereA-sepharose beads. RNAs were separated by 10% denaturing
performed as described in [17].PAGE. Splicing substrates, intermediates, and products are indicated
on the right. The DNA templates for the transcription of pre-mRNAs
used in this figure have been described before [23]. In vitro splicing Acknowledgements
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